Oncogenic mutations in BRAF are common in melanoma and thyroid carcinoma and drive constitutive activation of the MAPK pathway. Molecularly targeted therapies of this pathway improves survival compared to chemotherapy; however, responses tend to be short-lived as resistance invariably occursCell line models of melanoma and thyroid carcinoma, C/¡ BRAF V600E activating mutation, were treated with the MEK inhibitor PD0325901. Treated and naive samples were assayed for expression of key members of the MAPK pathway. Global microRNA expression profiling of naive and resistant cells was performed via next generation sequencingand indicated pluripotency pathways in resistance. Parental cell lines were progressed to holoclones to confirm the miRNA stemness profileMembers of the MIR302/373/374/520 family of embryonic stem cell specific cell cycle regulating (ESCC) microRNAs were identified as differentially expressed between resistant BRAF V600E melanoma and thyroid cell lines. Upregulated expression of gene and protein stemness markers, upregulated expression of MAPK pathway genes and downregulation of the ESCC MIR302 cluster in BRAF V600E melanoma indicated an increased stem-like phenotype in resistant BRAF V600E melanoma. Conversely, downregulated expression of gene and protein stemness markers, downregulated expression of MAPK pathway genes, upregulation of the ESCC MIR520 cluster, reeexpression of cell surface receptors, and induced differentiation-associated morphology in resistant BRAF V600E indicate a differentiated phenotype associated with MEK inhibitor resistance in BRAF V600E thyroid cellsThe differential patterns of resistance observed between BRAF V600E melanoma and thyroid cell lines may reflect tissue type or de novo differentiation, but could have significant impact on the response of primary and metastatic cells to MEK inhibitor treatment. This study provides a basis for the investigation of the cellular differentiation/self-renewal access and its role in resistance to MEK inhibition.
Introduction
BRAF mutated tumors have been correlated with poor response to traditional chemotherapy and poor prognosis in malignant melanoma and thyroid carcinoma. 1, 2 Targeted therapies are of great interest for these cancer types as the approach of targeting oncogenic kinases has been successful in the treatment of cancers with activating mutations in the kinase gene that drives their progression. 3 BRAF V600E mutated cancers display an oncogenic addiction to the MAPK pathway. There are an estimated 518 kinases encoded in the human genome. Phosphotransfer cascades mediated by kinases are involved in virtually every signal transduction process. This suggests that inhibition of kinase cascades should elicit a real physiological response. As such, small molecule kinase inhibitors (SMKI) are being intensely pursued for the treatment of cancer and many other diseases.
Molecular targeting of BRAF V600E , as exemplified by the BRAF V600E SMKI PLX-4032, has displayed some success for the treatment of malignant melanoma. The landmark BRAF in melanoma phase 3 study (BRIM-3) randomized 675 untreated malignant melanoma patients to either PLX-4032 (Vemurafenib, Plexxicon/Roche) or the standard of care, dacarbazine. The study was terminated early due to an obvious overall survival benefit with PLX-4032 treatment. 4 The overall response rate for PLX-4032 was 48% compared with a 5% response rate for dacarbazine. Although this is an excellent response for malignant melanoma, the median progression free survival is approximately 7 months because drug resistant invariably occurs and patients relapse.
PLX-4032 is an elegant example of both the promise of SMKI and the challenge of resistance to targeted therapeutics. Multiple mechanisms of resistance to SMKI-BRAF have been identified including: acquisition of secondary mutations such as NRAS Q61K 5 ; upregulation or activation of alternative RAF isoforms 6 ; splice variants of BRAF such as BRAFp61, an inhibitor refractory BRAF truncation 7 ; and increased COT expression that drives resistance via reactivation of the pathway. 8 COT reactivates the pathway primarily through MEK-CONTACT Orla Sheils osheils@tcd.ie dependent mechanisms that do not require RAF signaling. Additionally, COT expression is associated with de novo resistance in BRAF V600E cultured cell lines and has been implicated in acquired resistance in clinical melanoma cells and tissue obtained from relapsing patients following treatment with BRAF inhibitors. 8 As reviewed by Smalley, 9 targeting BRAF can lead to pathway reactivation under certain genetic conditions. Thus, it may be of greater benefit to target downstream in the BRAF pathway. Due to the strategic position of the MEK 1/2 kinases in the MAPK pathway it is a very promising target for drug development. Preclinical trials have demonstrated that small molecule MEK 1/2 kinase inhibitors can significantly reduce the proliferation of a variety of cancer cell lines via the induction of apoptosis and cell cycle arrest. 10 Thus MEK appears to be a logical target for targeted therapy and is being investigated as a potential therapy for BRAF V600E cancers, both as a single agent and in combination with BRAF-inhibition. 9, [11] [12] [13] [14] Evidence from recent phase III clinical trials of combination MEK and BRAF inhibitors indicates an improvement in progression-free survival by the addition of the MEK inhibitor. 15, 16 MiRNAs are crucial regulators of gene expression that function by binding their mRNA targets and promoting their degradation or translational repression. The human genome is believed to encode approximately 1,000 miRNAs compared to an estimated 30,000 mRNAs. 17 A single miRNA can regulate hundreds of mRNAs and thus have extensive effects on gene expression networks. Variation in the expression of hundreds of mRNA can be captured in the expression patterns of a few miRNAs that regulate them. Profiling of miRNAs can therefore be particularly rich in biological information.
The overall aim of this study was to investigate mechanisms of resistance to MEK inhibitors in cells initially sensitive to treatment, and to identify if these mechanisms are associated with BRAF mutational status. Human cell lines na€ ıve or resistant to MEK inhibitor treatment were analyzed for relative expression of key markers of the MAPK pathway (MEK1/2; ERK1/2: ELK1). Na€ ıve and treated samples were then analyzed via next generation sequencing (SOLiD TM 4 Platform, Applied Biosystems, USA) to detect global expression profiles of miRNAs. Bioinformatic analyses were performed to identify validated gene targets of miRNAs displaying statistically significant differential regulation between na€ ıve and treated samples. Integrative bioinformatic analyses of miRNAs in the context of gene regulatory networksidentified the pluripotency pathway's association with MEK resistance. To validate the stemness microRNA profile, parental cell lines were induced to form holoclones as previously described 18 and the microRNAome profiled via next generation sequencing. Key stemness and adhesion markers were assayed in treated and na€ ıve samples to confirm the association with the pluripotency pathway and MEK inhibition.
Materials and methods

Cell lines
The cutaneous malignant melanoma cell lines SK-MEL-28 and SK-MEL-31 (ATCC number HTB-72 and HTB-73) and the acral malignant melanoma cell line SK-Mel-2 (HTB-68) were obtained from the American Tissue Culture Collection (ATCC). The Nthy-ori 3-1 normal adult thyroid tissue transfected with the SV40 large T gene (ECACC number 90011609) and the undifferentiated thyroid carcinoma 8505C thyroid cell line (ECACC number 94090184) were obtained from European Collection of Cell Culture (ECACC).
Maintenance of cell lines
For SK-Mel-28, SK-Mel-2 and 8505C cell lines were maintained in Eagle's Minimum Essential Medium (EMEM) made to complete growth medium by the addition of fetal bovine serum (FBS) to a final concentration of 10% (cEMEM). For SK-Mel-31 the EMEM was made complete with the addition of 15% FBS (cEMEM PLUS ). For Nthy-Ori 3-1, the base medium was RPMI-1640 made to complete growth medium by the addition of 10% FBS. All media was supplemented with penicillin-streptomycin at 100units/100mg per ml.
Holoclone derivation using high-salt agar
Holoclones were enduced as previously described. 18 Briefly, a 1% molecular grade agarose and 1% NaCl solution was prepared in dH2O and added to hish adherance petri dishes. Once the plates had set, 20 mls of the appropriate media was added as a feeder layer. Feeder layers were seeded with a total of 1£10 6 cells and incubated at 37 C with 5% CO2. Media was changed every 5 days and spheroids developed embedded in agarose. Average holoclone development was 4 weeks.
Cell proliferation assays (MTT TM assay)
In a 96-well flat-bottomed tissue culture plate100ml/well of cells adjusted to the desired seeding density was added, using 4 technical replicates per sample. A blank standard containing media only was included to measure background. Plates were incubated for 24 hours at 37 C with 5% CO 2. MTT labeling reagent (Roche) was added and incubated for 4 hours at 37 C with 5% CO 2 . MTT Solubilisation Solution (Roche) was added and incubated overnight at 37 C with 5% CO 2 . The plate was analyzed spectrometrically in an endpoint assay with the test filter wave length set to 570 nm and the reference filter set to a wavelength of 650 nm.
Generation of drug dosage response curves (MTT TM assay)
The MTT assay was employed to create drug dosage curves.
Assays were seeded at a predetermined density. The MEK inhibitor PD0325901 (Pfizer) was dissolved in DMSO to 10 mM and stored at ¡20 C. Serial dilutions of the drug in media were prepared and 100 ml/well added. The assay was then performed in the same manner as above with varying incubation periods (24, 48, 72 or 96 hours) prior to addition of the labeling reagent.).
Nucleic acid preparation and RT-PCR
Macherey Nagel NucleoSpin Tissue Mini Kit TM and the NucleoSpin TM miRNA extraction kit was used for gDNA and RNA extraction respectively, as per manufacturers' supplied protocols. Nucleic acids were quantitated fluorometrically via Quant-iT Broad Range DNA and RNA assays on a Qubit fluorometer. The High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) was used to convert total RNA to single stranded cDNA using 100ng RNA per sample. Predesigned RT-PCR Taq-
CDH1/E-cadherin (Hs01023894_m1) and TSHR (Hs01053846_m1) were performed in 20ml using 1-2ml cDNA template per reaction. All samples were assayed in triplicate on a 7500HT Fast RT-PCR instrument (Applied Biosystems) using a standard ramp rate.
A ) was employed as previously described.
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A post-read allelic discrimination assay was run and alleles were autocalled on the 7900 Prism software using a 95% confidence interval.
Western blot analysis
Cell pellets were lysed directly into SDS-PAGE sample buffer (TRIS-HCL pH6.8 50mM, 10% glycerol, 2% SDS, 0.001% bromophenol blue and 100mM dithiothreitol (DTT)). SDS-PAGE and western blotting was performed as previously described. ImageJ software ( rsbweb.nih.gov/ij/download.html) was used to measure the intensity of bands within Western Blot autoradiographs. Band intensity was measured for target proteins and positive control (actin) and relative density of peaks were calculated by normalization to the actin control. Confocal Microscopy.
Cells were grown and treated in Lab-Tek TM 8-well chamber slides (Nunc), fixed in 4% paraformaldehyde solution (150ml/ well) and permeabilised with 0.5% Triton X solution. Actin was stained with Phalloidin-TRITC (Sigma) and primary antibodies were diluted as per manufacturer's recommendation in 1% BSA blocking buffer. Secondary antibodies conjugated to fluorescent probes were diluted in 1% BSA blocking buffer. Fluroshield TM with DAPI (Sigma) was added to each slide and a coverslip (#1.5) was added and sealed with a clear nail varnish top coat. Slides were mounted, inverted, onto a Zeiss 510 Meta Laser Scanning Confocal Microscope (LSCM). Images were captured at x63 magnification and £1 zoom. Scans were performed at 1 mm interval depths through the fixed cells, and single or merged images are presented either as XY single planes. Antibodies used were as follows: AbCam anti-PhosphoERK 1/2 (Ab50011), anti-Total ERK1/2 (Ab17942), anti-TSHR (Ab6044), Dylight-549 goat anti-mouse IgG (Ab96880), and Invitrogen Alexa-488 goat anti-rabbit IgG (A11008).
Next generation sequencing of small RNAs
Using the SOLiD 4 NGS Platform (Life Technologies), 35 base-pair barcoded short sequence reads were generated from the small RNA fraction of naive and resistant samples. Barcoded libraries were prepared using the Small RNA library reagents and protocol for the Applied Biosystems SOLiD TM 4 System (Life Technologies). Libraries were quantitated using the Quantitative RT-PCR using the SOLiD TM Library TaqMan® Quantitation kit (Life Technologies) then diluted to 500pM in 1X TE buffer and prepared onto templated beads using reagents and protocol from the manufacturer (Applied Biosystems SOLiD TM 4 System Templated Bead Preparation Guide). Multiplex fragment sequencing was performed according to the Applied Biosystems SOLiD 4 System Instrument Operation Guide and using the Applied Biosystems SOLiD 4 reagents (Life Technologies) with barcode tag (BC Tag MM10) primers initially, followed by fragment library 35bp read (F3 tag MM35) primers.
The SOLiD sequencing base-call accuracy was verified and enhanced using ABI's proprietary SOLiD Accuracy Enhancement Tool (SAET). Read-mapping was performed using the SHRiMP alignment package. Reads from each input sample were first mapped against sources of potential contamination, to filter out fragments of unwanted RNA species, mitochondrial DNA, and adapter sequences. The remaining reads were then mapped against the collection of human non-coding RNA species, downloaded from ENSEMBL (http://www.ensembl.org/ info/data/ftp/index.html).
Gene counting was performed using HTSeq to calculate the number of aligned reads that map to certain genomic features, i.e. a set of genes, and presented values as raw gene counts. 21 The list of genes and their corresponding genomic locations was obtained in GTF format from ENSEMBL.
Analysis of NGS data
As there is variability in the amount of total reads between samples, annotated reads were normalized to allow analysis of differential expression across samples. A highly statistically significant relative fold change of (C/¡) 10-fold was analyzed further. MiRNAs uniquely identified in either treated or na€ ıve samples were considered significant if >10 reads were identified. MiRWalk: The database on predicted and validated microRNA targets 23 was used to identify validated mRNA targets of statistically significant miRNAs associated with na€ ıve and resistant samples for each cell line. GOStat was used to identify gene ontology terms significantly associated with the mRNA targets. 24 
Statistical analysis
Paired samples were assayed by means of a 2-tailed paired Student's T-test. Drug dosage curves used a 95% prediction interval. Allelic discrimination SNP genotyping assays were autocalled using Applied Biosystems software with a 95% confidence interval. Gene expression fold-differences between na€ ıve and treated samples were considered significant with a normalized fold-change of C/¡ 2 (C/¡ standard error). For GoStat, a threshold of p < 0.01 was employed.
Results
Custom BRAF
T1799A SNP assay confirms BRAF mutational status in cell lines A custom BRAF T1799A SNP TaqMan® assay identified mutational status and allelic discrimination of BRAF mutants in cell lines. Using a 95% confidence interval, all cell lines were confirmed as carrying BRAF T1799A as follows: Thyroid-8505C homozygous mutant and NThy-Ori homozygous wild-type; Melanoma-SK-MEL-28 homozygous mutant, SK-MEL-31 heterozygous, and SK-MEL-2 homozygous wild-type ( Fig. 1) .
Optimisation of MEK inhibition assays
An 8-step dilution of cells ranging from 3£ 10 6 /ml to 1£ 10 3 /ml was seeded for 24 hrs. The appropriate seeding density to enable both cytostatic and cytotoxic effects be accounted for downstream was determined to be 1£10 5 cells/ml for each thyroid cell line and 5£10 4 cells/ml for each melanoma cell line. These seeding densities were used for all subsequent experiments.
A 12-step 1/5 serial dilution in media of PD0325901 dosage from 2.5mM to 51.2pM was performed to assay for the optimal IC50 PD0325901 dosage per cell line. PD0325901 is soluble in DMSO. As per recommended protocol and consistent with previous studies a stock concentration of PD0325901 was prepared at 10mM in DMSO and stored at ¡20 C. 7, 10, [25] [26] [27] For the serial dilutions, stock concentrations were diluted in media. As DMSO is in itself toxic to cells, a control was included for all assays to ensure the observed drug effect was not due to DMSO toxicity. The DMSO vehicle control was toxic at the first two dosages (equivalent to 25% and 5% DMSO), which was consistent across all cell lines. However, these dosage points were much higher than the IC50s for all cell lines and the remaining range of DMSO dilutions were clearly distinct from the PD0325901 treated cells. Student's paired T-Tests confirm that the effect on cell proliferation is due to PD0325901 treatment and not an artifact of the vehicle control (P < 0.05 for all cell lines, Table 1 ). PD0325901 treatment was found to have cytotoxic effects independent from the vehicle control for all cell lines (paired Student's T-Test, statistical significance p < 0.05; Table 1 ). Serial dilutions were exposed to cells for 24, 48, 72 or 96 hours. All assays included media-only positive controls which were used to normalize data (Avg OD test/Avg OD positive control). Optimal conditions for each cell line are summarized in Table 1 .
Gene expression of key members of the MAPK pathway are differentially expressed in BRAFV600E/V600E MEKiresistant cells
BRAF
V600E and BRAF WT cell lines (8505C, NThy-Ori 3-1, SK-MEL-28, SK-MEL-31, SK-MEL-2) were treated under optimised conditions (Table 1 ). Cells surviving MEKi treatment (resistant) and cells treated with media-alone (na€ ıve) were harvested for total RNA and analyzed for relative gene expression of the MAPK pathway members MAP2K1 (MEK1), MAP2K2 (MEK2), MAPK3 (ERK1), MAPK1 (ERK2) and ELK1. Relative gene expression of MEKi resistant cells were normalized to their paired media-only na€ ıve controls (Fig. 2) .
MEKi resistance did not induce significant differential expression in BRAF WT/WT in either thyroid or melanoma cell lines. BRAF V600E/V600E thyroid cell line 8505C resistant cells had statistically significant downregulated expression of MAPK pathway members in both the optimised and sustained treatments. BRAF V600E/WT melanoma SK-MEL-31 resistant samples displayed statistically significant upregulated gene expression in all genes except MAPK3. BRAF V600E/V600E melanoma SK-MEL-28 resistant samples displayed a trend of upregulated gene expression, however this failed to reach statistical significance. The IC50 for 8505C was 126.7mM compared to just 1.28nM for SK-MEL-28. To investigate if the difference in gene expression patterns witnessed in MEKi resistant cells was due to this magnitude difference, experiments were repeated in SK-MEL-28 cells using the IC90 dosage (153.9mM, R-Sq 85%) and matched na€ ıve samples. The IC90 treated cells followed the same trend as the IC50 treated SK-MEL-28 cells, reaching statistical significance for all genes except MAPK1/MEK1. Thus, altered gene expression pattern between BRAF V600E/V600E thyroid (8505C) and melanoma (SK-MEL-28) cell lines is not due to additional drug burden caused by magnitude IC50 differences.
pERK1/2 localizes to different areas of the cell following MEKi resistance in thyroid cell lines
Confocal analysis was used to detect total ERK1/2 (tERK1/2) and pERK1/2 in the thyroid cell lines. Confocal settings such as intensity and gain were optimised and samples were imaged using identical settings. No difference between resistant and na€ ıve samples was observed for tERK1/2. However, pERK1/2 polarized differently in the cell in resistant samples (Fig. 2) . Furthermore, the opposite polarization was induced dependent upon BRAF status. In 8505C na€ ıve cells, pERK1/2 was present in all three layers of the cell (apical, midsection and basolateral), however, in resistant samples pERK1/2 staining was no longer present in the basolateral layer. Conversely, in NThyOri na€ ıve cells pERK1/2 staining was evident in apical and midsections but not in the basolateral layer; however, in resistant samples, pERK1/2 staining was detected in all three layers.
Differential miRNA expression profiling indicates pluripotency as a mechanism of resistance to MEK inhibition
Global miRNA expression was analyzed among MEKi resistant and MEKi na€ ıve samples for 8505C; NThy-Ori; SK-MEL-28;
and SK-MEL-31 cell lines on the SOLiD TM 4 NGS platform. Differential expression of miRNAs associated with na€ ıve and resistant samples was found between cell lines (Table 2) . Perhaps the most interesting differential regulation was that of the MIR302 and MIR515/MIR520 clusters between the BRAF V600E/ V600E melanoma and thyroid cell lines. The MIR302 cluster was significantly upregulated in na€ ıve SK-MEL-28 samples, whereas the MIR515/MIR520 cluster was significantly upregulated in MEKi resistant samples in 8505C. These clusters are classified as embryonic stem cell-specific cell cycle-regulating (ESCC) miRNA families 28, 29 and, although located on different chromosomes, are referred to as the MIR302/373/374/520 family. 30 The MIRNAs of these clusters are functionally similar and share a 7-mer seed sequence; as such their targeted genes tend to overlap. The miRWalk bioinformatic tool, with p < 0.01, predicted the target genes of the miRNAs from each cluster (with MIR302A excluded as it was shared between groups. The computationally derived gene targets of the differentially expressed miRNAs were examined by Gene Ontology (GO) "biological processes" classifications using GOStat analytical software to identify GO terms statistically overrepresented in each sample (na€ ıve and resistant) for each cell line with significance set to P < 0.01 and multi-variant correction using Benjamini false discovery rate. 24 The top 20 most significantly associated GO terms . Error bars: SEM. X-axis: Cell Line; Y-axis: Log2 (Avg RQ Resistant/RQ Na€ ıve) Confocal analysis for tERK1/2 detects no change between Na€ ıve and Resistant 8505C or NThy-Ori samples. pERK1/2 can be detected in all 3 layers of the cell in na€ ıve samples whereas it is only detected in the apical and midsection in MEKi resistant 8505C samples. Conversely in NThy-Ori: pERK1/2 is only detected in the apical and midsection in na€ ıve samples whereas pERK1/2 can be detected in all 3 layers in MEKi resistant samples. Red staining pERK1/2, green staining total ERK1/2, blue staining nuclear (DAPI). associated with each of the MIR515/520 cluster target genes identified in the BRAFV600E MEK-inhibitor-resistant thyroid sample and the MIR302 cluster target genes identified in the BRAFV600E MEK-inhibitor-na€ ıve melanoma sample are displayed in Table 3 . Of these GO terms, 11 were shared within the top 20 between groups, 17 were shared between the top 20 and a significantly associated term (p < 0.01) outside the top 20 and only a single term was not significantly associated with both groups. This was consistent with previous observations about the target homology between these miRNA clusters. This trend of differential regulation of biological processes between BRAFV600E melanoma and BRAFV600E thyroid samples in response to MEK inhibition was reminiscent of that seen in the gene expression analyses.
Differential miRNA expression profiling of holoclones confirms miRNA pluripotency profile Sk-MEL-28 and 8505C cell lines were progressed to holoclones as previously described. 18 Gene expression analysis confirmed an upgregulation of the pluripotency markers NANOG, POU5F (OCT4), and ALDH1 in holoclones compared to parental cell lines (Fig. 3 ). E-cadherin (CDH1) was not detectable in 8505C holoclones, but was present in the parental cell line. SNAI2 (SLUG), an E-cadherin repressor, was upregulated in 8505C holoclones. Conversely, in SK-MEL-28 cells, E-cadherin was upregulated and SNAI2 recipricolly downregulated in holoclones compared to parental cells. Holoclone RNA was assayed via next generation sequencing as before and microRNAs differentially regulated between holoclones and parental cells were assessed ( Table 4 ). The MIR302/ 373/374/520 family were downregulated in SK-MEL-28 holoclones compared to parental cells. This is consistent with the Sk-MEL-28 MEK-inhibitor treated profile, indicating a stemness population may contribute to resistance to MEK inhibition in BRAF V600E melanoma. In 8505C cells, holoclones demonstrated an upregulation of the MIR520 cluster, consistant with the profile in MEKi resistant cells. However, MIR302A was downregulated in MEKi resistant cells whereas the MIR302 family was upregulated in 8505C holoclones compared to parental cells. As above, cells were assessed for the relative expression of the stemness-associated genes ALDH1A1, NANOG and POU5F1 (OCT4A) and the adhesion associated genes CDH1 (E-cadherin) and CTNNB1 (b-catenin). In the mutated melanoma samples, POU5F1/OCT4 was statistically significantly upregulated in resistant samples and trended toward upregulation of NANOG expression. No statistically significant relative expression in either the BRAF WT/WT melanoma or thyroid resistant cells for either NANOG or OCT4A (Fig. 4) . Statistical significance was observed in the expression of adhesion genes in thyroid but not melanoma cell lines: in BRAF V600E/V600E 8505C, E-cadherin (CDH1) was statistically significantly upregulated with reciprocal downregulated of b-catenin (CTNNB1) in MEKi resistant samples. Conversely, in BRAF WT/WT NThy-Ori samples, E-cadherin was significantly downregulated with a non-significant trend toward upregulated expression of b-catenin in resistant samples. The stemness-associated gene ALDH1A1 was significantly upregulated in the NThy-Ori samples and trended toward downregulation in the 8505C samples.
Experiments were repeated in BRAF V600E/V600E melanoma SK-MEL-28 cells using the IC90 dosage (153.9mM, R-Sq 85%). The IC90 treated cells reached statistical significance for all genes except E-cadherin. ALDH1A1, NANOG, OCT4A and b-catenin were all upregulated in SK-MEL-28 IC90 samples compared to matched na€ ıve samples. Again, these results were more pronounced but consistent with the IC50 samples and indicate that altered gene expression between BRAF V600E/V600E thyroid (8505C) and melanoma (SK-MEL-28) cell lines was not due to additional drug burden caused by magnitude IC50 differences.
The stemness markers NANOG and ALDH1A1 are differentially expressed at protein level in MEKi-resistant BRAF V600E cells
Protein isolated from MEKi resistant and MEKi na€ ıve samples were probed by Western blot analysis for the expression of phosphorylated ERK1/2 and the stemness markers ALDH1A1, NANOG and OCT4A in the homozygous BRAF V600E and BRAF WT thyroid and melanoma cell lines. Samples were also probed for actin as an endogenous control and densitometry was calculated using imageJ software with normalization to actin. 31 A normalized fold change of (C/¡) 1.5-fold between na€ ıve and resistant samples was considered statistically significant (Fig. 5) . Phosphorylated ERK 1/2 (pERK1/2) was detected in the melanoma cell lines with no significant difference observed between resistant and na€ ıve samples (Fig. 4A) . ALDH1A1 was identified in the BRAF V600E/V600E melanoma and thyroid samples. No difference in protein expression was evident in 8505C cells; however ALDH1A1 was significantly upregulated in SK-MEL-28 MEKi resistant cells (Fig. 5B) . NANOG was detected in SK-MEL-2, SK-MEL-28 and 8505C cell lines. Terms without a p-value were not significantly associated.
The 8505C and SK-MEL-2 cell lines had significantly downregulated levels of NANOG in MEKi resistant cells. SK-MEL-28 had a trend toward an increased NANOG expression in MEKi resistant cells but failed to reach significance (1.3X). OCT4A was only detected in SK-MEL-28 cells and no difference in expression levels was evident between MEKi resistant and na€ ıve samples (Fig. 5d) TSHR protein was absent in cells treated with the MEK inhibitor for 6 days. Actin polymerization and production did not appear to be affected in either the naive or treated samples. However TSHR was detected in cells from day 10 treated with the MEK inhibitor. TSHR distribution resembled expression observed in N-Thy-Ori cells, indicating that TSHR expression was restored after MEK inhibition for 10 days (Fig. 6) . Treatment with the MEK inhibitor induced a number of changes in the morphology of 8505C and these changes were documented by Brightfield microscopy (data not shown). Actin production and polymerization did not appear to be affected, but demonstrated a different organization pattern than that seen in na€ ıve 8505C cells (Fig. 6 ). TSHR and its interactions with TSH are essential for normal thyrocyte function. However, in 8505C cells TSHR expression is near-obliterated due to the BRAF associated with low to null radioiodine avidity. This data indicates that MEK inhibition prior to radioiodine therapy has the potential to significantly benefit treatment of BRAF V600E carcinomas. Further studies including radioiodine uptake assays in correlation with MEK inhibitor assays should be performed.
Discussion
MiRNA expression profiling has identified a range of biological processes regulated by miRNAs, including the maintenance of tissue differentiation. 29, 32, 33 Unique patterns of miRNAs have been identified in both human and mouse embryonic stem cells, reinforcing the role of miRNAs in maintaining stemness. 29, [34] [35] [36] [37] [38] [39] Cancer is heterogeneous. A mechanism for the phenotypic heterogeneity evident in cancer may be the existence of cancer stem cells, which have been associated with resistance to chemotherapies and radiation therapies. [40] [41] [42] The original cancer stem cell model suggests that a rare subpopulation of cells with indefinite potential for self renewal exists within a tumor. 43 However, recent evidence suggests that stem-like cancer cells arise de novo from non-stem-like cells. 44, 45 These concepts are not mutually exclusive and both may cooperate in tumor resistance and response to therapy. BRAF V600E is commonly mutated in both thyroid and melanoma cancers. Constitutive activation of BRAF V600E results in oncogene addiction and dependency on the MAPK pathway. This allows targeting of the MEK1/2 kinase as a molecularly targeted therapy as the presence of BRAF V600E combined with small molecule inhibition of MEK1/2 results in a synthetic lethal phenotype. MEK inhibitors are currently undergoing clinical trials for the treatment of both melanoma and thyroid carcinomas (http://www.cancer.gov/clinicaltrials). To date, MEK inhibitors have displayed promising but limited success as a single agent therapy in clinical trials. [46] [47] [48] [49] This highlights the need to better understand the interactions of MEK inhibition in BRAF V600E cells to assist the design of new therapeutic strategies. To this end, MEK inhibition with the potent, selective inhibitor of MEK, PD0325901, was used in conjunction with gene expression analysis, protein analysis and NGS profiling of miRNA to investigate molecular mechanisms associated with resistance to MEK inhibition.
The SMKI used in this study, PD0325901, is an allosteric inhibitor of MEK1 and MEK2. Allosteric inhibitors are non-ATP competitive; rather they bind to a site distinct to the enzyme active site. Allosteric sites typically function to bind a ligand that either positively or negatively regulates activity of the enzyme. These binding sites and their regulatory actions are often unique to that particular kinase, thus allosteric inhibitors exhibit the highest degree of kinase selectivity. 50 The specificity of PD0325901 is further enhanced by the unusually specific interaction of MEK1/2 and its downstream target ERK1/2: MEK1/2 are the only confirmed activators of ERK1/2 and ERK1/2 are the only known substrates for MEK1/2. 51 In BRAF mutated cancers, MEK is a second class kinase target; that is, inhibition of MEK results in a synthetic-lethal phenotype when paired with BRAF V600E . Synthetic lethality refers to a gene interaction in which single gene defects are compatible with cell viability but the combination of gene effects results in cell death. Inhibition of the products of genes that are synthetic lethal to oncogenic mutations theoretically kill cells that harbour the oncogenic mutation while sparing normal cells. Hard synthetic lethalities are the preferred targets of molecular cancer therapy. Hard synthetic lethal interactions are relatively unaffected by changes in additional genes, whereas soft synthetic lethalities are readily rescued by alterations in other genes. 52 Elucidation of the mechanism of resistance of BRAF V600E versus BRAF WT cells to MEK inhibition should greatly aid in determining the extent of synthetic lethal interactions induced by PD0325901.
Cancers are highly heterogenic malignancies that develop through stochastic genetic and epigenetic events. Cancer is a dynamic state and over time genetic instability generates a plethora of alterations and diversity within a cancer. This genetic diversity has led to dramatically different responses to targeted therapies dependent on tumor type. In some cancers targeted therapies have markedly improved survival whereas in others it has led to only modest benefits. 53 This has highlighted the importance of adapting targeted therapies for optimum delivery depending on the underlying genotype. Hence, the importance of optimising MEK inhibitor treatment for each cell line used in this study.
Key members of the MAPK pathway were analyzed on the mRNA and protein levels for their relative expression between paired resistant and na€ ıve samples. Acquisition of resistance did not induce statistically significant differential gene expression of any of the MAPK genes analyzed in the BRAF WT/WT thyroid or melanoma cell lines. However, in the BRAF V600E thyroid cell lines, resistance to MEKi was associated with downregulation of all MAPK genes expression; conversely, BRAF V600E melanoma samples trended toward upregulation in MAPK gene expression in resistant samples. This indicates that resistance to MEKi may be induced by activation of alternative pathway(s) in BRAF V600E thyroid cells, whereas reactivation of the pathway may be a mechanism of resistance in BRAF V600E melanoma cells.
The MAPK pathway member ERK1/2 was assayed on the protein level for both tERK1/2 and the activated form pERK1/2 in both na€ ıve and resistant samples. Total ERK was detected in all samples and displayed no difference in expression between na€ ıve and resistant samples in thyroid cell lines. However, tERK1/2 was differentially regulated in melanoma samples dependent on BRAF status: BRAF V600E/V600E had statistically significant increased expression in resistant cells whereas tERK1/2 expression was decreased in the BRAF WT/WT resistant sample. This pattern did not hold for active ERK, as neither melanoma cell line displayed any difference between pERK1/2 expression levels demonstrating that melanoma cells resistance to MEKi have an active MAPK pathway. In line with evidence from the gene expression studies and consistent with previous reports in the literature, this data indicates that reactivation of the MAPK pathway is associated with resistance to MEKi in melanoma cells. 8, 12 ERK has been well studied in melanoma following inhibition of the MAPK signaling pathway. 54, 55 However, less is known about its localization in thyroid cancer. Hence, we examined total ERK1/2 and pERk1/2 localization in thyroid cancer following MEK inhibition. It has previously been reported that MEK inhibition induces downregulation of pERK1/2 within hours of treatment but that pERK1/2 levels quickly rebound within 24 hours. 27 It is therefore particularly interesting that this study has identified a differential localization of pERK1/2 within the cell following MEKi. The localization of pERK1/2 in BRAF V600E na€ ıve samples reflects the localization in BRAF WT treated samples and vice-versa. Subcellular localization of ERK is now recognized as a physiologically relevant means of regulating ERK activity. 56 Spatiotemporal regulation of active ERK has been associated with deregulated ERK signaling. 57 In response to extracellular signaling, ERK translocates to the nucleus and then relocalises to the cytoplasm again. The relocalisation of nuclear ERK to the cytoplasm is mediated by a MEK-dependent active transport mechanism. 58 The basolateral layer of the cell is the area of the basal lamina, containing the extracellular matrix (ECM) in epithelial cells. Regulation of the MAPK pathway is closely linked with the ECM. ERK1/2 is anchored to the cytoskeleton by MEK1/ 2.
58 Association of ERK1/2 with the cytoskeleton is hypothesized to be involved in the transport of ERK1/2 to other organelles of the cell rather than the nucleus. 59 For example, the scaffold protein IQGAP1 interacts with BRAF to recruit MEK1/2 and ERK1/2 to actin filaments, thereby influencing mitogenic, morphological and migratory cell behavior. They can also direct ERK1/2 to influence cytoskeleton reorganisation and cell motility and is believed to be involved in the metastatic potential of BRAF V600E cancers. 60, 61 Inhibition of MEK in lung cancer cell lines (BRAF WT ) has been demonstrated to inhibit invasion via cytoskeleton remodelling. 62 MiRNA profiling was performed and validated targets of statistically significant miRNAs (significance associated with na€ ıve or resistant samples) were analyzed for overrepresentation of GO biological processes in each thyroid sample. Cytoskeleton organization, microtubule cytoskeleton organization, ECM organization and actin filament polymerization were overrepresented in 8505C resistant samples (p D 2.28£10 ¡<tbr>5 , 0.00607, 0.00312, and 0.00785 respectively). Cell adhesion was highly overrepresented in 8505C resistant cells and in NThy-Ori na€ ıve cells (p D 1.53£10 ¡<tbr>8 ; 8.95£10 ¡<tbr>6 ). Consistent with the differential regulation of these terms, expression of CDH1 (E-cadherin), an integral mediator of cytoskeleton signaling and maintenance of tissue architecture in epithelial cells, was also differentially regulated between 8505C (upregulated) and NThy-Ori (downregulated) resistant cells (Fig. 4) .
MEK inhibition has an evident differential effect on the MAPK pathway between thyroid cell lines, as evident by gene, protein and miRNA analysis. These differences could be due to BRAF status. However, the patterns of pERK1/2 localization between thyroid cell lines may also be due to the anaplastic nature of 8505C compared to the differentiated phenotype of NThy-Ori. Further investigation into the role of cytoskeletonrelated signaling and MEK inhibition in thyroid carcinomas is warranted. The thyroid cell line panel should be expanded to include a greater range of BRAF WT and BRAF V600E cell lines with varying states of cellular differentiation to determine if the polarized effects are associated with BRAF status, the state of cellular differentiation at the start of treatment or both.
Cancer stem cells (CSC) have been known to exist in melanoma populations for over 30 years. 63, 64 Recent findings demonstrated that cancer stem cells can convert from a non-stem to a cancer stem cell-like state. 44, 45, 65 Tumourigenesis and somatic cell reprogramming share common mechanisms; the factors that drive reprogramming tend to be oncogenes or related to cellular transformation. 66 The transcription factor OCT4A (POU5F1) is of particular importance for reprogramming of stem-cells and has been reported to function as a single agent to reprogramme adult neural cells to induced pluripotent stem (iPS) cells.
67 OCT4-mediated dedifferentiation has been demonstrated as a mechanism of acquired CSC phenotype. 65 Gene expression analysis in this study identified an upregulation of OCT4A in MEK resistant cells in BRAF V600E melanoma cell lines. Furthermore, the CSC markers ALDH1A1 and NANOG were also upregulated in MEKi resistant BRAF V600E melanoma and this upregulation was enhanced with a higher dosage of PD0325901 in SK-MEL-28 cells (Fig. 4) . However, this pattern of upregulation was not reflected on the protein level. ALDH1A1 was upregulated on the protein level in resistant SK-MEL-28, but no relative change in protein expression was observed for NANOG or OCT4A in SK-MEL-28, whereas OCT4 and NANOG protein was not detected in either na€ ıve or resistant samples of SK-MEL-31. The differences observed between the gene and protein expression studies may be due to translational regulation by miRNAs.
MiRNAs have been associated with regulation and maintenance of a stem cell phenotype in recent studies of human ESCs. 29, 34 The regulatory hierarchy involved in regulation of OCT4-medicated reprogramming included direct regulation by the MIR302 cluster of miRNAs. The MIR302 cluster of miRNAs, found on chromosome 4q, was significantly upregulated in na€ ıve samples compared to resistant samples of SK-MEL-28 and, to a lesser extent, SK-MEL-31 melanoma cell lines. The MIR302 cluster has a demonstrated role not only in embryonic stem cells but also in the reprogramming of somatic cells to iPSC. 68, 69 Recently, Fareh et al, elegantly demonstrated a role for MIR302 cluster in cancer stem cell maintenance by demonstrating a MIR302 family-induced suppression of a stemness gene signature that disrupted the sonic hedgehog (SHH)-NANOG network in glioma cancer cells. 70 The molecular mechanisms by which the MIR302 cluster functions is somewhat conflicted in the literature dependent upon its association with human or mouse ESC; iPSC; or CSC. 28, 29, 68, [70] [71] [72] [73] The majority of embryonic stem cell studies are performed in mice, however, at least some of the regulatory mechanisms of MIR302 in humans are fundamentally different to those in murine ESCs; the MIR302 family promoted transition through G1-S and induced cell proliferation in mice, whereas the MIR302 family repressed G1-S transition and reduced cell proliferation in human ESCs. 68 The MIR302 family has also been associated with regulation of epigenetic remodelling involved with OCT4-mediated reprogramming of human somatic cells. 69 Our study has provided ample evidence to warrant further investigation into the relationship between the MIR302 family, OCT4-NANOG transcription network and resistance to MEK inhibition. Studies in mice using the 2i/LIF dual kinase inhibitor of MEK and glycogen synthase kinase 3 (GSK3), demonstrated that inhibition of MEK activated Nanog to enable somatic cell reprogramming. 74 Interestingly, in the Theunissen study, chemical inhibition of DNA methylation also induced Nanog to enhance reprogramming. The observation that Nanog can induce pluripotency in minimal conditions, including MEK inhibition, has yet to be demonstrated in humans. Considering the significantly increased expression of NANOG in MEKi treated BRAF V600E melanoma observed in the current study, in combination with the differential regulation of OCT4-NANOG network-associated miRNAs, further investigation into the interaction of this network during MEKi resistance is merited.
A theme consistent throughout all analyses was the opposing responses between 8505C and SK-MEL-28 cells. This is clearly seen in the gene expression analysis (Figs. 2-4) where MEKi resistant samples demonstrated downregulation of both the MAPK pathway genes and the stemness markers in 8505C resistant samples. Conversely, the SK-MEL-28 resistant samples trend toward upregulation in both sets of genes. Furthermore, b-catenin (CTNNB1), which has been demonstrated to maintain the undifferentiated state of human ESCs and induced pluripotent stem cells, 75 was down regulated in MEKi treated 8505C and upregulated in IC90 MEKi treated SK-MEL-28. It has previously been demonstrated that the MAPK pathway was downregulated upon differentiation. 76 Consistent with this is the observed downregulation of the MAPK pathway in resistant 8505C but not SK-MEL-28. The evidence on the protein level was not as clear-cut; however, the stemness marker NANOG was downregulated in 8505C whereas the stemness marker ALDH1A1 was upregulated in SK-MEL-28 (Figs. 4 and 5) . The polarized pattern was again reflected in the miRNA profiles for each cell line, most notably in regards to the MIR302 and MIR520 clusters. The MIR302 cluster was upregulated in na€ ıve relative to resistant SK-MEL-28 samples whereas the MIR520 cluster was upregulated in MEKi resistant relative to naive 8505C samples. The MIR520 cluster located on chromosome 19 shares a consensus seed sequence (AAGUGC) with the MIR302 cluster (chromosome 4) and their predicted target genes tend to overlap and they display functional similarity. 29, 30 Gene ontology analysis confirms differential inferred miRNA functions between SK-MEL-28 and 8505C. Many GO terms statistically significantly associated with na€ ıve samples in SK-MEL-28 were significantly associated with resistant samples in 8505C. From the biological association of GO-Terms across cell lines, it can be seen that regulation of transcription, proliferation, apoptosis and cell death were differentially associated between na€ ıve SK-MEL-28 and resistant 8505C samples (Table 3) .
Most notably within the associated GO terms was the high significance of cell differentiation associated with the MIR515/ 520 cluster (p D 6.41£10 ¡11 ) and the MIR302 cluster (p D 1.11£10 ¡<tbr>12 ). The differential associations with the GO terms supports the hypothesis that treatment with PD0325901 induces the anaplastic cell line 8505C into a more differentiated state, as supported by MEKi-induced reexpression of the TSHR receptor (Fig. 6) ; whereas SK-MEL-28 was induced into a more stem-like state. Thus, further investigation into the mechanisms of the differential response to MEKi observed between the BRAF V600E thyroid and melanoma cells is merited and an initial investigation into the role of the MIR302/MIR520 clusters in this response should be performed.
Conclusions
In this study, we have identified a gene and miRNA signature differentially regulated by MEK inhibition in thyroid and melanoma BRAF V600E cells. Evidence from the analysis of gene, protein and miRNA expression, has highlighted a central axiom associated with induced differentiation/dedifferentiation that is being alternatively regulated by MEKi in homozygous BRAF V600E thyroid and melanoma cells. A MEKi-associated signature of MAPK and stemness-associated genes was downregulated in the resistant thyroid cell line 8505C but expression trends toward upregulation in the resistant melanoma BRAF V600E cells. This signature was observed in neither thyroid nor melanoma BRAF WT/WT cell lines. Furthermore, differential regulation of ESCC-associated miRNAs was also observed between the BRAF V600E/V600E cell lines. The consensus seed sequence-sharing and functionally similar miRNA clusters MIR302 and MIR520 were associated with na€ ıve SK-MEL-28 samples and resistant 8505C samples respectively. Whether this differential association was due to tissue specificity or the ab initio state of cellular differentiation of the cell models has yet to be elucidated. However, if the polarized effect induced by MEKi was due to the state of cellular differentiation at the start of treatment it could have significant consequences on the combinatorial treatment required for primary and metastatic lesions.
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